For clarifying the energy dissipation ability of coastal lagoon for the tsunami that can overtop the sea embankment, tsunami inundation model was validated for reproducing the 2011 Great East Japan tsunami at Torinoumi Lagoon. The time series and maximum values of inundation depth, current velocity, and fluid force at three selected locations were calculated with/without lagoon. Moreover, the effect of storage capacity of the lagoon was analyzed with different tsunami conditions. The velocity and fluid force can be reduced especially at cross-stream direction because of the low velocity of the overflow current from the lagoon which mixes with the inundated tsunami from seaward. The effect is greatly changed with the rate of tsunami inundation volume to lagoon and storage capacity of the lagoon. The reduction of the percentage of washout houses was around 4 -65 % in cross-stream direction for the 2011 tsunami to the lower tsunamis at which tsunami can overtop the embankment.
INTRODUCTION
In response to the investigation of post-tsunami disasters such as the 2004 Indian Ocean tsunami and the 2011 Great East Japan tsunami, it has been re-recognized that natural terrain (mangrove, dunes and vegetation) can play a vital role in reducing tsunami force. After the 2004 tsunami, the elements of natural terrain, which contributes to mitigate disaster is defined as bio-shield, and the research in that field has been activated. Especially after the 2011 tsunami, United Nations (2013) proposed a concept 'Eco-system based Disaster Risk Reduction (Eco-DRR)', for reducing the potential risk factors. The concept has attracted attention because it addresses the mitigation through the management of environmental resources. In Japan, the concept of 'disaster prevention and mitigation based on the natural ecosystem' similar to Eco-DRR was also proposed by the Ministry of the Environment (Ministry of the Environment, 2015) . The concept recommends to take advantage of the natural elements including not only sand dune and coastal forest but also, for example, tidal flats area aggressively (such as conservation and reproduction). Among these natural elements, there are a number of studies about the coastal forest (Thuy et al., 2012) . A large lagoon, as a representative of the natural structure in coastal area, expects to mitigate disaster but little is known about its effectiveness on the tsunami-damage mitigation.
Therefore, this study aims to clarify the tsunami mitigation effect of a lagoon on the surrounding area. As for the study site, the damaged area by the 2011 Japanese tsunami around the Torinoumi Lagoon located on the south side of the Abukumagawa River mouth in Miyagi Prefecture was selected. In order to clarify the mitigation effects of the lagoon, the inundation depth around the lagoon was reproduced by numerical simulation, and the reduction of velocity and fluid force were analyzed. For generalizing the mitigation ability to different tsunami extent, this study also evaluates the relationship between the storage amount and the reduction of fluid force on the surrounding area by the lagoon. Furthermore, using a fragility curve for house damage by the fluid force index (Onai and Tanaka, 2015) , the reduction of house damage probability is analyzed.
MATERIAL AND METHOD

Damage Situation of the Study Site Revealed from the Post-tsunami Survey of the 2011 Great East Japan Tsunami
The Torinoumi Lagoon (herein after simply T-lagoon) is located on the south side of the river mouth of the Abukumagawa River in Miyagi Prefecture, where there is an old estuary trace of the Abukumagawa River. Figure 1 shows the trace depth of the tsunami inundation of T-lagoon together with the aerial photographs before and after the Great East Japan tsunami. Tanaka et al. (Tanaka, Yagisawa and Yasuda, 2012) have reported the complex tsunami inundation pattern in the region. The tsunami made a major damage around the T-lagoon by overtopping from embankment and entering into the mouth of the T-lagoon. In Figure 1 , the houses at the right hand side of the river were washed away or destroyed. However, many houses at the northern side of the T-lagoon were not washed out but completely or partly broken, although they were around the same distance from the coastline as those on the right side. The T-lagoon has some possibilities reducing the fluid force of the tsunami toward houses. In order to clarify such situation in detail, 3 points (location A, B, and C) were set in this study. In the location A, there is a possibility to be hit directly by the tsunami. The location B is set the cross-stream direction where the tsunami current can be assumed weak. The location C is set a little away in the T-lagoon for comparison with the location B. 
Numerical Analysis Method
Numerical simulation of tsunami was conducted using the model developed by Tanaka and Sato (2015) . To calculate the tsunami propagation, five regions ( Figure 2 ) with different grid sizes were set. In this study, the grid sizes of regions A, B, C, D, and E were set to 1350 m, 450 m, 150 m, 50 m, and 16.7 m, respectively. The simulated values in a large region were applied as a boundary condition in the next smallest region (nesting method). The linear long-wave equations and non-linear long-wave equations were applied to Region A and Regions B-E, respectively. At the coast line, a perfect reflection boundary was applied in Regions A-D, and inundation was calculated for only Region E. (2)-(4)) are:
Where, x and y are the horizontal coordinated in two direction. V x and V y are the depth-averaged velocity components in x and y directions, respectively. t is the time. h is the total water depth (h = h 0 + ζ); h 0 is the local still water depth (on land, the negative height of the ground surface) and ζ is the water surface elevation. g the gravitational acceleration. F x,i and F y,i are the drag forces in x and y directions, respectively (i = 1, 2, means obstacles, i.e. tree, house, respectively). A x,i , A y,i is the projected area of an obstacle into the water for obstacle i in x, y directions, respectively. E Vx and E Vy are the viscosity in x and y directions, respectively.τ bx andτ by are bottom face shear force in x and y directions. A Manning roughness coefficient is n. Calculation methods of E Vx and E Vy are shown in Tanaka & Sato (2015) . Fault displacement is given as the initial water level of the tsunami, and its displacement is given as the water level displacement of sea area on the vertical. Tanaka and Sato (2015) were used after adjusting the fault parameters of Fujii and Satake (2011) (the fault parameters between the Abukumagawa River and T-lagoon). As already explained, suitable differential equations were applied according to the calculated region. Thus, different coefficients of f A and f D in Eqs. (2) and (3) In order to clarify the lagoon effect on mitigating tsunami fluid force, the lagoon volume which can store the tsunami is considered an important parameter. Therefore, in this study, the lagoon volume is changed by changing the land elevation height. The ground elevation of Torinoumi is set as: 1) Case1: 1 m (for comparison with the actual case (Case 2)), 2) Case2: -2 m (actual), 3) Case3: 0 m (for comparison). For each case, 4 kinds of tsunami extent were simulated in which 2011 Great East Japan tsunami was of the largest scale. In total, simulation of 12 cases was performed. In the present study, the initial water depth exists below ground elevation 0 m in the lagoon only in Case 2.
Determination of Inflow Amount, the Storage Volume of the Lagoon, and the Turnover Rate of the Lagoon
The definition of the inflow amount to the lagoon and lagoon storage volume is shown in Figure 3 . Figure 3a defines the total amount of the inflow of tsunami beyond the banks of the same width with the T-lagoon near the embankment. The amount (m 3 ) was calculated while overtopping from the embankment occurred. The storage volume was calculated from the water surface area and the depth of the T-lagoon. Moreover, the turnover rate is defined as the inflow amount over the lagoon storage volume. Here, the physical meaning of the turnover rate is that how many times the volume of the lagoon becomes full by the tsunami inflow.
Figure 3 Definition of the inflow amount to the lagoon and lagoon storage volume
RESULTS AND DISCUSSION
Validation of the Reproduction of the 2011 Great East Japan Tsunami
Trace water depth by post-tsunami survey and simulated maximum inundation depth around T-lagoon are shown in Figure 4 . The simulated values are a little larger than the trace depths. This numerical analysis model does not include the changes of drag coefficient based on the destruction of houses, thus the simulated maximum inundation depth was evaluated larger about ten percent. However, the simulation reproduced the situation of the 2011 Great East Japan tsunami quite well. Table 1 shows Maximum inundation depths and maximum flow velocities at the Great East Japan tsunami for Case 1 and Case 2 where the storage volume of the lagoon is changed. At location A and C, maximum inundation depths and maximum flow velocities are not much changed due to the storage amount of the lagoon. At location B, maximum inundation depth in Case 2 is 0.6m lower than that in Case 1. Although the effect of the storage volume of the lagoon is not sufficient, maximum flow velocity in Case 2 is reduced to around 30% from Case1 at location B. Overflowing tsunami velocity from lagoons at location B was low because it was the lateral side of the tsunami direction. The tsunami current velocity was reduced by mixing the flow from the T-lagoon and from landside that overflowing sea embankment.
Figure 4 Comparison between trace depth by post-tsunami survey and simulated maximum inundation depth around T-lagoon
Differences of the Effect of the Storage Amount of the Lagoon on Tsunami Mitigation at Different Locations
For analyzing the house damage, it is necessary to determine the dominant parameter; the fluid force index (u 2 h) or the moment index (u 2 h 2 ) by fluid force which is changed with Froude number (Tanaka et al., 2014) . Table 2 shows the Froude number when the inundation depth, fluid force and the moment by Froude force were maximum. Most of the location and cases, Froude numbers at the maximum condition exceeds the values, 0.8 (Tanaka et al., 2014) and 0.52 (Onai & Tanaka, 2015) where fluid force index can be applied. Therefore, this study selected the fluid force index for further analysis. 
Effect of Tsunami Inflow on the House Damage Probability
In this section, the differences between Case 1 and Case 3, and between Case 2 and Case 3 are discussed. Figure 5 shows the changes of the maximum fluid force index due to the turnover rate. In addition, Figure 6 shows the relationship of the difference of probability of washout houses and fluid force index. For the classification of washout houses, definition by Tanaka et al. (2014) was used. In Figure 5 , the difference of fluid force index at Location B became larger by increasing the turnover rate. Moreover, when the storage amount of the lagoon is large and water exists in lagoon before the tsunami arrives, the fluid force index greatly decreases.
In Figure 6 , the differences of probability for washing out of houses become smaller with increasing the extent of tsunami. The difference of fluid force index becomes larger by increasing the turnover rate, however it does not directly relate to the decrease of the probability for washing out houses as the fragility curve of houses changes like a sigmoid curve. The change is large for small fluid force index and is small for large fluid force index. Table 3 shows the relationship between the turnover rate and percentage of washout houses. The reduction of the percentage of washout houses (difference between Case 3 and Case 2) was around 4 % at the 2011 tsunami. In level 2 scale of the tsunami, although the reduction of the percentage of washout houses by lagoon is confirmed, reduction rate is small due to the high percentage of washout houses. However, the reduction of the percentage of washout houses become around 65% in scale of tsunami between level 1 and level 2. The reduction is especially expected at Location B, where the direction of tsunami is cross current. Figure 7 shows the distribution of difference of the probability for washing out houses from Case 1 to Case 2 for the tsunami magnitude at the Great East Japan tsunami. The differences of the probability for the washout at northern and southern side of the lagoon are larger than other locations. In particular, the difference in northern side is large because of the mixing of the tsunami current from lagoon (south direction) and seaward (east direction). This is because of the complex shape of the lagoon. in maximum due to the existence of the lagoon especially in the northern side and in cross current direction, where the tsunami current from lagoon is not strong because of it getting mixed with sea-side water.
Distribution of the Probability for Washing Out Houses
2) Overflowing tsunami velocity from the lagoon changes with differences in the turnover rate defining the storage amount of the lagoon and tsunami inflow. Reduction of fluid force increases with increase in the turnover rate. However, when the turnover rate is constant, presence of lagoon can decrease the probability of washing out of houses for small scale tsunami. This is because of the characteristics of the fragility curve which shows a sigmoid function.
3) The reduction of the percentage of washout houses in cross-stream direction was around 4 % in the 2011 tsunami, but our analysis has also revealed that the lagoon can reduce the washout of houses to around 65% for the smaller tsunamis where it can overtop the embankment.
